Abstract In several regions north of the Antarctic Circumpolar Current (ACC), deep wintertime convection refreshes pools of weakly stratified subsurface water collectively referred to as Subantarctic Mode Water (SAMW). SAMW ventilates the subtropical thermocline on decadal timescales, providing nutrients for low-latitude productivity and potentially trapping anthropogenic carbon in the deep ocean interior for centuries. In this work, we investigate the spatial structure and timescales of mode water export and associated thermocline ventilation. We use passive tracers in an eddy-permitting, observationally-informed Southern Ocean model to identify the pathways followed by mode waters between their formation regions and the areas where they first enter the subtropics. We find that the pathways followed by the mode water tracers are largely set by the mean geostrophic circulation. Export from the Indian and Central Pacific mode water pools is primarily driven by large-scale gyre circulation, whereas export from the Australian and Atlantic pools is heavily influenced by the ACC. Export from the Eastern Pacific mode water pool is driven by a combination of deep boundary currents and subtropical gyre circulation. More than 50% of each mode water tracer reaches the subtropical thermocline within 50 years, with significant variability between pools. The Eastern Pacific pathway is especially efficient, with roughly 80% entering the subtropical thermocline within 50 years. The time required for 50% of the mode water tracers to leave the Southern Ocean domain varies significantly between mode water pools, from 9 years for the Indian mode water pool to roughly 40 years for the Central Pacific mode water pool.
Introduction
Deep winter convection north of the Subantarctic Front (SAF) of the Antarctic Circumpolar Current (ACC) forms pools of highly oxygenated, weakly stratified (i.e., low potential vorticity) subsurface water collectively referred to as Subantarctic Mode Water (SAMW) [McCartney, 1977; Hanawa and Talley, 2001] . Pools of SAMW are found in each ocean basin, and their temperature/salinity properties vary with longitude. Eastward of the Indian basin, we find progressively colder, fresher, and higher-latitude pools of SAMW, as the formation regions tend to stay just north of the poleward-spiraling SAF [Hanawa and Talley, 2001; Sall ee et al., 2008a] . SAMW ventilates the Southern Hemisphere thermocline, providing nutrients that support lowlatitude productivity and sequestering anthropogenic carbon in the interior ocean [McNeil et al., 2001; Sloyan and Rintoul, 2001; Sarmiento et al., 2004; Sabine et al., 2004; Khatiwala et al., 2009; Iudicone, 2010; Talley, 2013] . Here ''ventilation'' refers to the detrainment of water and tracers (e.g., CO 2 ) out of the surface mixed layer into the ocean interior without returning to the mixed layer in subsequent years.
Ventilation is intimately tied up with the formation, circulation, and destruction of water masses [Robinson and Stommel, 1959; Welander, 1959; Luyten et al., 1983; Speer and Tziperman, 1992; Primeau and Holzer, 2006; Liu and Huang, 2012; Trossman et al., 2012] . In particular, understanding subtropical thermocline ventilation requires a thorough consideration of how SAMW is created, subducted, and exported [Luyten et al., 1983; Musgrave, 1990; Sloyan and Rintoul, 2001; Sall ee et al., 2010] . SAMW is thought to be sourced by upwelled Pacific Deep Water (PDW) and Indian Deep Water (IDW) that is advected into the SAMW formation regions, where seasonal deep convection refreshes the subsurface SAMW pools [Speer et al., 2000; Lumpkin and Speer, 2007; Talley, 2008] . Downes et al. [2011] further hypothesize that Upper Circumpolar Deep Water (UCDW) and Antarctic Intermediate Water (AAIW) may be converted into SAMW by surface buoyancy fluxes. mixing parameterization schemes. The Southern Ocean State Estimate (SOSE) offers one such set of fields . SOSE is a collection of state estimate products that are constructed by bringing a numerical ocean circulation model (MITgcm) into consistency with a suite of available observations, including data from Argo floats, satellite altimetry, and hydrographic profiles. SOSE approaches consistency by iteratively reducing a measure of disagreement between the model and observations using an adjoint method . The adjoint method is used to map out how the initial conditions and the surface forcing (e.g., wind stress, atmospheric temperature) can be perturbed to reduce the disagreement between the model and observations over the length of the simulation. The result is a physically realistic estimate of the state of the ocean, as well as a set of initial conditions and surface forcings that have been optimized to produce the best agreement between ocean observations and the model state. Due in part to the computationally intensive nature of the 4D-Var optimization process and the sparsity of multidecadal observational data in the Southern Ocean, the SOSE products typically only cover a few years (at present, the available periods are 2005-2007, 2008-2010, and 2005-2010) .
Offline Tracer Advection: A Potential Bias
One approach for driving a numerical tracer experiment is to use the SOSE ocean velocity and hydrography files on repeat, looping the same multiyear period over and over again. In this approach, the tracer advection equations are solved ''offline,'' i.e., the velocity and hydrography are read in as inputs to the tracer advection equation as opposed to being explicitly calculated alongside the tracer concentrations. This offline approach works well for many applications, especially for studies that fall within the 3 or 6 year range of the SOSE products. However, the ventilation of the subtropics via Southern Ocean mode water pools is a decadal-to-centennial scale process [Primeau and Holzer, 2006; Trossman et al., 2012] . Since the ocean state may drift over any given 3 or 6 year period, tracers simulated over many decades can experience rapid ''jumps'' each period as the physical fields transition from the end of the forcing record to the beginning (e.g., from the end of 2009 to the start of 2007). Most offline tracer advection setups use linear interpolation to transition between the discrete velocity and temperature fields used as inputs, which helps to minimize (but does not completely remove) the discontinuous ''jump'' between the end of one forcing file period and the start of another. These jumps can introduce spurious vertical mixing in the tracer fields as the hydrography rapidly shifts in an artificial fashion, distorting the vertical distribution of the tracers. The impact of these jumps on tracer fields will be further explored in an upcoming companion paper. For this paper, we will use an alternative strategy for driving the tracer fields, described below.
Our Approach: Online Tracer Advection
In this work, we use an alternative to the ''offline'' approach in which we explicitly solve for the model dynamics (e.g., velocity, potential temperature, salinity) and the passive tracer fields simultaneously. We will call this alternative the ''online'' approach. The ''online'' approach is more computationally expensive than the ''offline'' method and may be subject to some drift during model spin-up, but it does not rely on linear interpolation between discrete velocity input fields and does not suffer from the discontinuous jump problem described in the previous section. The online approach also requires a full model setup, i.e., the setup must be able to solve for the dynamics as well as integrate the advection-diffusion equation for passive tracers. Multidecadal online runs of eddy-permitting regional models are feasible on modern, highperformance computing platforms.
BASSOON
Here we describe the online modeling framework used in this work, called the British Antarctic Survey/ SOSE ONline model, or BASSOON. BASSOON is a configuration of the Massachusetts Institute of Technology general circulation model (MITgcm) that is closely related to the numerical model setup used to generate the SOSE products [Marshall et al., 1997a [Marshall et al., ,1997b Mazloff et al., 2010] . Although the BASSOON setup is ''realistic'' in terms of its bathymetry and forcing, it should not be used as a future projection of the current ocean state. Instead, it is an eddy-permitting representation of quasi-steady Southern Ocean circulation that is broadly similar to the modern ocean.
To construct BASSOON, we started with the MITgcm setup used to generate SOSE for the years [2007] [2008] [2009] . This setup consists of (i) a set of initial conditions for temperature, salinity, and velocity, (ii) surface forcing fields (e.g., zonal and meridional winds) and freshwater input from the continents, (iii) bathymetry, (iv) the configuration of the discrete model grid, and (v) a set of physical parameters (e.g., viscosity). Note that the Journal of Geophysical Research: Oceans 10.1002/2016JC011680 initial conditions and surface forcing fields have been optimized using the 4D-Var process as described in section 2.1. The BASSOON setup was kept as close as possible to the model setup used to generate SOSE, which is a model with 1/6 horizontal resolution, 42 vertical levels of varying thickness (i.e., thinner surface layers and thicker deep ocean layers), and a 900 s time step. Additional model parameters for diffusivity, viscosity, and bottom drag are listed in Table  1 . We use biharmonic horizontal diffusivity and viscosity, harmonic horizontal viscosity, and harmonic vertical diffusivity and viscosity. Vertical mixing is represented by the K-profile parameterization (KPP) scheme, which in our setup mixes both momentum and tracers near the surface [Large et al., 1994] . For more details, see Mazloff et al. [2010] . The changes between the SOSE setup and BASSOON are described below. 2.4.1. Surface Forcing The 4D-Var optimization process used to generate SOSE perturbs a set of 6 hourly ERA-Interim atmospheric forcing fields (i.e., shortwave and longwave radiation, surface pressure, precipitation, specific humidity at 2 m above the sea surface, air temperature at 2 m, and both zonal and meridional winds at 10 m) in order to minimize the mismatch between the ocean model state and ocean observations (see section 2.1). The results of this optimization process are available on the SOSE website (http://sose.ucsd.edu/).
To construct a suitable set of surface forcing fields for conducting multidecadal BASSOON runs, we start with the 6 hourly SOSE optimized fields for 2007-2009 (iteration 60) and remove the 3 year linear trend at each location in longitude/latitude. The resulting fields have the same variability as the SOSE-adjusted fields on time scales shorter than 3 years. Some inter-annual variability persists, and the impact of this interannual variability can be seen in the surface fields (e.g., sea ice volume, not shown). The de-trended 3 year surface forcing fields are looped indefinitely, which allows for multidecadal runs. Hallberg [2013] demonstrated that eddy mixing parameterization schemes can suppress resolved eddies, e.g., by artificially smoothing out gradients associated with resolved mesoscale features. Like the SOSEgenerating setup, BASSOON does not use any subgrid scale eddy parameterizations for lateral mixing (both setups use biharmonic horizontal diffusivity and viscosity, harmonic horizontal viscosity, and harmonic vertical diffusivity and viscosity). In the regions most relevant to our study (i.e., north of the ACC), the first baroclinic deformation radius is of order 20 to 50 km away from topographic shelves, which is roughly 1.0 to 2.5 horizontal grid box widths; larger mesoscale features (typically of order 100 km, 3-5 times the deformation radius in the midlatitudes) are fully resolved and are not artificially suppressed (see supporting information) [Chelton et al., 1998; Hallberg, 2013] . In shallow seas (e.g., the Patagonian Shelf, Campbell Plateau, along the Australian and South African coasts), the first baroclinic deformation radius is less than 1 km and is not resolved, so eddy-driven tracer mixing in these areas may be biased toward weak values. The resulting mesoscale eddy variability of the 1/6 SOSE configuration, on which BASSOON is based, compares favorably with the AVISO optimally interpolated satellite altimetry product , Figure 1 ]. The agreement is weaker in shallow seas.
Subgrid Scale Parameterization

Sea Ice
Many models with a Southern Ocean are prone to the formation of extremely large (>10  5 km 2 ) open-ocean sensible-heat polynyas that are associated with unrealistically deep mixed layers and the destruction of stable salt stratification [Timmermann and Beckmann, 2004; Timmermann and Losch, 2005; Heuz e et al., 2013; Stossel et al., 2015; Kjellsson et al., 2015] . In order to prevent model drift and to discourage the formation of large-scale polynyas and the onset of the associated runaway positive feedback loop, we used surface salt restoring to monthly mean SOSE climatology (from the 2005-2010 product, iteration 100) with a 30 day relaxation timescale. Much longer relaxation timescales (e.g., 4 months) do not prevent the formation of polynyas and the subsequent runaway vertical mixing/ice melt positive feedback loop.
Validation
BASSOON is allowed to spin-up for 10 years, after which we find that most of the adjustment in the relevant depths for mode waters (200-1000 m) has occurred. The deep ocean will continue to adjust well after the spin-up period, which is seen as a slight change in the density structure. The northern boundary is restored [Whitworth, 1983; Whitworth and Peterson, 1985; Rintoul et al., 2001; Thompson, 2008] . There is a linear trend of 20.1 Sv/yr, which reflects the longer term shift in water mass location and properties (i.e., the model is only [Holland et al., 2014; Comiso, 2015] . There is no significant linear trend in sea ice area or volume, which is largely due to the strong sea surface salinity restoring.
Model Setup Caveats
BASSOON is an ocean model that is designed to remain in a quasi-steady state for several decades. This is obviously an idealization of the real ocean, which of course does not necessarily stay in a quasi-steady state on decadal timescales. It would be useful to investigate the effects of changing surface forcing patterns (e.g., changes in SAM or ENSO) on the structure of the mode water export pathways. Due to both the regional setup and the online nature of our runs, we can only run tracer experiments for a few decades before the ''re-entrance'' problem (e.g., reentrance of mode water due to gyre circulation) becomes relevant. Although the primary focus of our work is on the initial export of mode waters out of the model domain, it would be instructive to run a complementary set of experiments in a global model. 2.4.6. Potential Vorticity Structure Since mode waters are weakly stratified, one can use anomalously low values of potential vorticity as a proxy for mode waters. The interior ocean potential vorticity structure in the spun-up BASSOON state compares favorably (see Figure 1 ) with observationally-derived climatological PV structure in sufficient detail for our large-scale study [Sall ee et al., 2010; Herraiz-Borreguero and Rintoul, 2011] . In the Indian Ocean and south of Australia, a large mode water pool extends from just north of the Antarctic Circumpolar Current to the northern edge of the model, sweeping westward in a broad pattern (Figures 1b and  1c) . The PV gradually increases along this northwestward track, as the mode water mixes with surrounding water masses on its way out of the model domain. A similar westward-spreading mode water pool is found in the Central Pacific Ocean, north of the ACC (Figure 1d ). The Central Pacific pool spreads westward up to the New Zealand coast, where it splits into a northward branch that leaves the Southern Ocean and a westward branch that spreads south of Australia. In the Eastern Pacific, a mode water pool and export path are found close to the southern tip of South America, spreading rapidly northward and westward ( Figure 1e ). This pool is situated close to an important region of formation and export of Antarctic Intermediate Water (AAIW), which sits slightly deeper than the mode water (not shown). Finally, in the Atlantic sector, we find a pool of mode water within the contours of the Antarctic Circumpolar Current (Figure 1f ). This Atlantic mode water pool is thought to be largely composed of mode water that formed upstream of Drake Passage in a region of deep mixed layers and advected onto the Scotia Sea by the intense zonal flow of the ACC [Sall ee et al., 2010] .
In Figure 2 , we plot three cuts of annual mean potential vorticity after the 10 year spin-up period in density/depth and latitude. The mode water pools sit below the surface layer, which refreshes the mode water pools in winter and re-stratifies in the spring and summer, isolating the mode water pools from the surface. The mode water pools in the cuts are located between 200 and 500 m, north of the steeply sloping density surfaces of the ACC. The cuts also reveal weakly stratified waters south of 50 S, as well as everywhere below roughly 1500 m [Talley, 2013] . We find that the position of the density surfaces changes little after the 10 year spin-up due to the strong restoring conditions at the surface and northern boundary.
Experiment Design
After the 10 year spin-up period, we identify several mode water pools using a combination of criteria involving potential vorticity, potential density referenced to 1000 dbar (r 1 ), latitude, and longitude (see Figure 3 and Table 2 ). The initial sizes of the passive tracer patches are small, since the patches must satisfy all of the criteria given in Table 2 (except for the transport, which is diagnosed). The tracers in the Indian and Pacific basins are initialized just north of areas of deep winter mixed layers, which is barely downstream of the mode water formation regions. The Australian tracer location is north of the ACC and just south of a patch of deep winter mixed layers around Tasmania. The Atlantic tracer is not especially close to deep mixed layer, indicating that this mode water pool may be formed and refreshed from upstream of Drake Passage or the Falkland Islands. The Indian, Australian, and Central Pacific tracers are initialized in more ''gyre like'' contours, and the Eastern Pacific and Atlantic are initialized on more ''ACC like'' contours.
We initialize tracer in the locations shown in Figure 3 , effectively ''tagging'' several SAMW pools. The tracers are initialized on 1 January, i.e., in Austral summer when the mixed layers are relatively shallow. We advect
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the tracer, temperature, and salinity using a third-order direct space-time scheme for consistency with how temperature and salinity are advected in the SOSE model setup of Mazloff et al. [2010] . After the initial 10 year model spin-up period, tracers are initialized and then advected for an additional 50 years. The model tracer output consists of five different sets of three-dimensional tracer concentration fields (one set of fields for each tracer experiment) and several physical/model fields (e.g., temperature, salinity, stratification dq=dz). We place a sponge layer between 26.5 S and the northern edge of the model at 24.7 S with a 6 h e-folding timescale, such that any tracer that reaches this sponge layer is rapidly removed from the model domain. We focus our attention on how mode waters first make their entrance to the subtropics (i.e., crossing 26.5 S and getting absorbed by the sponge layer). In a global ocean domain, mode waters may of course cross this arbitrary dividing line many times. We save this ''re-entrance problem'' for future study. better understand the vertical spreading of the tracers, we fit each tracer distribution about its center of mass in longitude and latitude to a Gaussian profile in density, i.e., f ðr 1 Þ5Aexp ½2ðr 1 2bÞ 2 =c 2 , where A, b, and c are fitting parameters. The tracers do spread out quickly in density space (i.e., A and c change rapidly) due in part to the action of KPP, but the tracer center of mass stays on the same density surface (i.e., b 1 changes by 1% over the first 4 years of the experiment). The results of the fitting and a few animations of how the tracer spreads in the vertical can be found in the supporting information. The tracers are allowed to interact with the vertical mixing parameterization scheme (i.e., KPP), which explains some of the observed vertical spreading.
Tracer-Weighted Diagnostics
Tracer-weighted properties help quantify when and where changes in water mass properties take place during tracer transport [e.g., Qu et al., 2013; Wang et al., 2014] . For instance, tracer-weighted potential temperature h can be used as a proxy for tracer heat content:
where / is a tracer field and the integral is over a volume V [Wang et al., 2014] . The time series hðtÞ gives us information on how the tracer heat content changes as the tracer (which represents a particular collection 
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of water mass parcels) mixes with other water masses and interacts with the mixed layer. Here we use tracer-weighted properties to better understand how mode water is altered as it makes its way from the formation regions to the subtropical thermocline.
In this paper, the interpretation of tracer-weighted properties (e.g., potential temperature, salinity) is complicated by the fact that tracer is removed from the northern domain of the model. That is, the removal of tracer by the sponge layer introduces bias into tracer-weighted properties. Using a global ocean domain would resolve this problem, but using a global domain is not always feasible or desirable. We need a method for estimating the uncertainty introduced by tracer removal in a regional ocean model with a sponge layer at the northern edge. Below, we introduce one such method.
Estimating Uncertainty in Tracer-Weighted Properties
We have a tracer field /, a removal field R (e.g., the cumulative removal histogram representing the action of the sponge layer near the northern edge of the model domain), and various physical fields f (e.g. potential temperature, salinity, depth, potential vorticity). In general, tracer-weighted properties are given by volume integrals over the global ocean domain:
which can be split into a volume integral inside the model domain (''in'') and a volume integral outside the model domain (''out''),
We can calculate f in , but we cannot explicitly calculate the second term, as it lies outside of our model domain by definition. Instead, we define f out as an error term weighted by the total amount of tracer contained in the model domain:
where
At the beginning of the simulation, all of the tracer is in the model domain and the uncertainty term vanishes. As tracer leaves the model domain, f asymptotes to f 0 6Df . So how should we choose f 0 and Df ? We can interpret Df as the removal-weighted standard deviation at the northern boundary:
where f 0 is the removal-weighted expected value:
This method effectively ''freezes'' the value of f as the tracer is removed from the domain, within an error term determined by the spread of f about f 0 at the northern edge of the model domain.
Tracer Moments and Eccentricity
Moments of the tracer distribution, which are useful for characterizing the shape and properties of the tracer patches, are given by:
where / is the tracer concentration and DV5DxDyDz is the volume element. Central moments of the tracer distribution are then:
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where ð x; y; zÞ5ðM 100 ; M 010 ; M 001 Þ. For a two-dimensional tracer distribution (e.g., a column sum, r 5 0), the covariance matrix C is:
C½/ðx; yÞ5 1 l 00 l 20 l 11
The eccentricity e of the tracer distribution is determined by the eigenvalues k 1 and k 2 of the covariance matrix C:
Highlighting Mode Water Export Pathways
In our numerical experiments, five mode water tracers track the transport of SAMW after it has been formed by deep wintertime convection. Some of these pathways ultimately involve export out of the Southern Ocean, which in our setup is represented by a tracer-removing sponge at the northern boundary of our model domain (i.e., 24.7-26.5 S). Since the tracers are removed at the northern boundary, our model setup does not capture the possible re-entrance of mode water back into the Southern Ocean domain once it crosses 26.5 S. However, our setup does feature mesoscale eddies, deep convection (via KPP mixing), and decadal timescales. As mode water tracers are advected, we diagnose tracer mixing with the surrounding water masses and with the mixed layer, since we are interested in following the full export history of water parcels (up to removal between 24.7 and 26.5 S) that are formed in the chosen mode water pools. Parcels that are formed as mode water may come into contact with the surface more than once during their export.
Horizontal Structure of Export Pathways
In this section, we examine the lateral structure of the mode water tracer distributions. We analyze the spatial structure of the export pathways using depth-integrated cumulative tracer amounts in each grid column over the 50 year simulation (Figure 4 ), and we use the Cunningham streamfunction to analyze geostrophic circulation on isopycnals ( Figure 5 ) [Cunningham, 2000; McDougall, 1989] . Note that this streamfunction is only an approximation to the geostrophic flow on density surfaces, as the exact streamfunction on an isopycnal does not exist [Sall ee et al., 2010] . Broadly speaking, the potential patterns reveal several possible mode water export routes (i.e., contours that intersect the northern boundary of the domain) that are consistent with those reported in Sall ee et al. [2010] . In Figure 6 , we plot time series of the total amount of tracer between 200 -1300 m. The basin edges defined somewhat arbitrarily as Indian (20E, 146E), Pacific (146E, 60W), and Atlantic (60W, 20E). Below, we discuss each tracer experiment in turn.
Indian Mode Water
Over the course of the 50 year experiment, the bulk of the tracer initialized in the Indian Subantarctic Mode Water pool (i.e., initialization site ''a'' in Figure 3 ) stays confined to the Indian basin or is removed by the sponge layer in the Indian sector. The broad structure of this export pathway is influenced by the mean circulation of the subtropical Indian gyre (see Figures 5b and 5c ). The total concentration between 200 and 1300 m drops by 21% in the first year due to vertical mixing between the surface ocean and the mode water pool (Figure 6a ). The tracer is initialized in a mode water pool that is annually de-stratified by deep winter mixed layers, so we expect some of the tracer to get ''mixed out'' of the mode water pool in the first winter following the initialization of the tracer (it may also be ''mixed back in'' in following winter deepconvection events). Over the first 5 years after initialization, the patch spreads out primarily in longitude due to the influence of the ACC; the eccentricity of the tracer patch, calculated from the eigenvalues of the covariance matrix of the tracer distribution (equation (10)), increases from 0.8 to just over 1.0. As the tracer spreads out in latitude, its southern end is sheared further by circumpolar flow, but only a vanishingly small fraction of the tracer ends up poleward of the Subantarctic Front. After the first 5 years, the total amount of tracer in the Southern Ocean model domain decays exponentially, with an e-folding timescale of roughly 7
Journal of Geophysical Research: Oceans The densest SAMW has some overlap with AAIW, so the mechanisms for AAIW export in this region are likely to also impact the export of densest SAMW.
Atlantic Mode Water
Finally, tracer initialized in the Atlantic mode water pool (i.e., site ''e'') starts in the ACC and is rapidly spread around the Atlantic, Indian, and Pacific basins. The eccentricity of the column-integrated tracer increases from 0.70 to 0.98 within the first year of the experiment due to the shearing effect of the ACC. The concentration maximum can be followed around the basins in order to estimate a rough transport timescale between them ( Figure 6 ). The concentration of Atlantic SAMW peaks in the Indian basin roughly 5 years after tracer initialization. Peak concentration is then seen in the Pacific basin roughly 9.5 years after initialization and in the Atlantic basin roughly 13 years after initialization. There is a secondary peak in Indian basin concentration at 18 years, and a secondary peak in the Pacific after about 22 years. After 25 years, it is difficult to detect the tracer maximum as a distinct peak in the time series data. Throughout the tracer advection experiment, tracer is removed from the domain through the northern sponge layer at a rate of 15% per decade, mostly in the Atlantic basin.
Vertical Structure of Export Pathways
Each mode water tracer is initialized in a pool of low PV. The mode water pools are refreshed each winter by deep convection, which tends to mix tracer in the vertical direction. This convectively-driven vertical mixing acts in addition to down-gradient mixing brought about by the imposed background vertical diffusivity (10 25 m 2 /s) and numerical diffusion. Thanks to this diapycnal mixing and intense surface convection, we
should not expect the tracers to stay perfectly confined to density surfaces.
In Figure 7 , we plot the cumulative tracer distribution over the course of the 50 year experiment in a 108 section in longitude about the time-mean center of mass of each tracer. The Indian mode water tracer mostly stays confined between 31.0 and 31.2r 1 , spreading northward and ultimately reaching the sponge layer. The influence of vertical mixing can be seen in the spread of the tracer and the fraction that reaches the surface. The Australian mode water tracer can either be followed using its Indian basin center of mass or its Pacific basin center of mass. In the Indian basin, deep convection induces diapycnal mixing, but the bulk of the tracer stays between 31.2 and 31.4r 1 . In the Pacific basin, the relative influence of the mixed layer is smaller and the diapycnal tracer spread is smaller. The Central Pacific tracer largely stays between 31.2 and 31.6r 1 , and the histogram is dominated by the bulk of tracer that slowly moves away from the initialization site. The Eastern Pacific tracer histogram is spread much further northward, as the Eastern Pacific export pathway is more rapid than the Central Pacific pathway.
In Figure 8 , we plot the vertical partitioning of tracers with depth over the course of the 50 year experiment. In each of the experiments, a fraction of each tracer (less than 20-30% of the initial amount) ends up in the upper 200 m due to interactions with the mode water tracers and the mixed layer. The fraction of the initial tracer located below 500 m increases over the first 10 years as the tracers are subducted, guided by isopycnals that slope downward toward the equator. The fraction of tracer below 500 m could be considered reasonably well ''subducted'' below the mixed layer, and the fraction below 1000 m is completely subducted. The fraction of total tracer below 1000 m increases in each experiment (Figure 8f ). The subducted tracer will ventilate the deep thermocline via export hotspots.
Mode Water Decay
As SAMW advects, it mixes with the surrounding water masses and thereby gradually loses its characteristic density range and anomalously low potential vorticity. In order to quantify the timescales over which
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SAMW changes density class, we calculate the fraction of tracer that is lighter than SAMW (<31:0r 1 ), in the SAMW density range (31.0-31.8r 1 ), or denser than SAMW (>31:8r 1 ) (Figure 9 ). Over the first decade of each experiment, we find average SAMW density decay rates between 2-5%/yr relative to the initial tracer in each experiment (Indian -5.0%/yr; Australian -2.0%/yr; Central Pacific -1.6%/yr; Eastern Pacific -1.4%/yr; 
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and Atlantic -3.5%/yr). During this time period, mode water loss in the Indian and Central Pacific is largely due to transformation into lighter density classes, whereas mode water loss in the Atlantic is nearly all due to transformation into denser classes. Australian losses are dominated by transformation into lighter classes, and in the Eastern Pacific loss is roughly equal parts transformation into lighter and denser classes.
After 10 years of advection, sponge layer removal contributes to SAMW loss in all five tracer experiments. One way to adjust for this effect is to scale the amount of tracer in a density class by the total amount of tracer found in the model domain (Figure 9f ). In order to estimate SAMW decay timescales, we fit two-term exponential models to each SAMW time series (R 2 > 0:9 in all five cases), where each time series has been scaled by the remaining tracer in each experiment. We find e-folding SAMW decay timescales between 50-20 years (Indian-76 years; Australian-84 years; Central Pacific-118 years; Eastern Pacific-50 years; Atlantic-69 years). These multidecadal timescales are broadly consistent with other estimates of SAMW lifetime [e.g., Primeau and Holzer, 2006; Trossman et al., 2012] . Note that nearly all of these timescales are longer than the duration of our simulation; this analysis assumes that decay rates will continue to be wellrepresented by a double exponential model well beyond the 50 year simulation.
Export Hotspots
Once tracer hits the northern boundary of the model domain (24.7-26.5 S), it is removed by a sponge layer (i.e., the tracer field is relaxed to zero with a timescale of about 6 h). We use this removal as a proxy for thermocline ventilation. In this section, we examine the longitudes, depths, and timescales on which the mode water tracers are removed in order to discuss how mode water origin water parcels ultimately cross 26.5 S.
These results must be interpreted in the context of our choice of model domain, i.e., the timescales and removal will be different with a different choice of northern boundary. In Figure 10 , we plot timeseries of the cumulative amount of tracer that is removed by the sponge layer in the upper ocean (i.e., above the 200 m depth, where 200 m is chosen as it is well below the shallow subtropical mixed layer), the cumulative Over the course of a 50 year tracer transport experiment, we find that less than 15% of each mode water tracer crosses 26.5 S above 200 m, which is one measure of the efficiency with which the mode water pools ventilate the subtropical thermocline (i.e., a small percentage implies efficient subduction). The Eastern Pacific pathway is especially efficient, with less than 10% removed from or remaining in the upper 200 m by year 50. The time required for 50% of a chosen mode water tracer to be removed from the Southern Ocean domain varies greatly across initialization sites (i.e., 9 years Indian, 27 years Australian, 37 years Central Pacific, 25 years Eastern Pacific, 47 years Atlantic), reflecting the different latitudes of the initialization sites, the relative importance of circumpolar (i.e., ACC) and gyre-like circulation, and regional circulation variability.
In Figure 11 , we plot the cumulative removal of tracer by the sponge layer over the course of the 50 year experiment. The bulk of the tracers are removed at depths below their initialization depths, which is consistent with geostrophic flow guided by isopcynals that slope downward toward the equator. Also, the bulk of the tracers are removed to the west of the tracer initialization sites, which is consistent with large-scale subtropical gyre circulation in these regions. One exception is the Atlantic tracer, which is dominated by the circumpolar flow of the ACC. The Atlantic tracer is largely removed in the boundary current east of South America, but most of it has not yet been removed by the end of the experiment. The contrasting removal patterns of the two Pacific basin tracers reflect strong regional differences in their export pathways. The Central Pacific tracer follows a slow gyre circulation and has time to spread westward before interacting with the sponge layer. By contrast, the Eastern Pacific tracer rapidly moves up the coast of South America during the first decade of its advection, so it does not have time to spread as far west before removal. Nevertheless, there is some overlap between the Central Pacific and Eastern Pacific removal patterns, indicating that the two pathways are not totally distinct. In this section, we examine tracer-weighted quantities for signatures of mixing and advection. All of the tracer-weighted centers of mass (COM) get deeper over the first 10 years of the experiment (Figure 12a ). The COM generally progress northward, with the exception of the Atlantic tracer, which over the first decade stays roughly constant (within 2 degrees latitude) as much of the tracer is advected around the ACC Figure 12b ). There is no ''error'' (Df ) in latitude because the tracer-weighted latitudes are effectively frozen at 26.5 S as tracer exits the Southern Ocean domain.
SAMW fraction
The Indian tracer gets warmer and saltier as it moves northward, becoming less dense overall through diapycnal fluxes. The Australian tracer gets denser by roughly 0.1 kg/m 3 as it cools and freshens, mixing with the Indian Deep Water (IDW). The regional contrast between the Indian and Australian tracers indicates that the Indian pool is closer than the Australian pool to the ''upwelling'' region (i.e., where SAMW mixes back up to the surface). However, more than 80% of the Indian tracer is removed below 200 m, which is a high percentage relative to the other tracers. The Indian tracer is possibly more likely to upwell faster than the Australian tracer once it crosses north of 26.5 S, but it is still a relatively efficient pathway for the initial export into the subtropical thermocline.
Both the Central Pacific and the Eastern Pacific centers of mass stay roughly constant in density (within 0.02 kg/ m 3 ), indicating that they are relatively well-insulated from the mixed layer and in a region where diapycnal mixing is weak or isotropic. The Central Pacific patch gets cooler and fresher, while the Eastern Pacific patch gets warmer and saltier. The regional contrast between the Central and Eastern Pacific is consistent with the Eastern Pacific tracer's relatively more rapid progression to lower latitudes, where it can mix with lighter waters. The Atlantic tracer density stays within 0.02 kg/m 3 of its starting value over the first decade of the simulation; it gets considerably warmer and saltier as it mixes with the Algulhas waters off the coast of South Africa.
Discussion
In this work, we performed numerical tracer initialization experiments to map out the export pathways of Subantarctic Mode Water (SAMW) and to better understand the associated ventilation of the subtropical thermocline. We found considerable regional variability in the patterns, timescales, and efficiencies of SAMW export, set in part by the relative influence of the Antarctic Circumpolar Current (ACC) and the subtropical gyres. The spatial structure of the export pathways is broadly consistent with the mean geostrophic circulation, which in the gyres is constrained by basin-scale pressure gradients [Iudicone et al., 2007] . Export from the Indian and Central Pacific mode water pools are primarily driven by large-scale gyre circulation, whereas the Australian and Atlantic pools are heavily influenced by the Antarctic Circumpolar Current. Export from the Eastern Pacific mode water pool is driven by a combination of a deep eastern boundary current and subtropical gyre circulation. The tracer distributions and removal maps presented in this paper (i.e., Figures 4 and 11) indicate the broad regions where we expect northward export, neglecting recirculation/re-entrance, to occur.
Export of the Indian mode water tracer (i.e., initialization site ''a'' in Figure 3 ) is dominated by the subtropical Indian Ocean Gyre; it is minimally affected by the strong zonal circulation of the ACC. In the global ocean, this exported SAMW upwells together with the denser Indian Deep Water (IDW) and joins with thermocline water coming through the Indonesian Throughflow before returning to the ACC [Talley, 2013, references therein] . We find relatively little mode water tracer in the Pacific and Indian basins after 50 years, as most of it has been removed by the sponge layer. In the global ocean, the Indian mode water that eventually is found in the other basins may first be carried through the return flow of the shallow Indian basin overturning circulation.
The Australian mode water tracer (i.e., initialization site ''b'' in Figure 3 ) is heavily affected by the ACC. The tracer is split into two separate patches that advect into both the Indian and Pacific basins. The bulk of this tracer crosses 30 S just east of Australia, following the subsurface West Australian Current. The remaining tracer stays largely confined to the ACC and does not exit the model domain over the 50 year experiment. Considering the Indian and Australian mode water tracers together, we suggest that the ''youngest'' mode water (i.e., the mode water with the most recent contact with the atmosphere and surface mixed layer) exported from the Indian basin into the Pacific primarily comes from the Australian pool (i.e., initialization site ''b'') and not from the Indian pool (i.e., initialization site ''a'').
The two Pacific basin export pathways highlighted by the tracers have remarkably different structures. The Central Pacific mode water tracer (i.e., initialization site ''c'' in Figure 3 ) is removed relatively slowly from the basin by the action of the South Pacific gyre. The bulk of this tracer (i.e., more than 90%) remains in the Pacific basin and is removed east of its formation region. In the global ocean, this SAMW mixes with upwelling PDW in the subtropics to become thermocline water [Talley, 2013] . The thermocline water formed The Eastern Pacific mode water tracer (i.e., initialization site ''d'' in Figure 3 ) quickly advects equatorward, following the southern part of the Humboldt Current System along the west coast of South America, before joining the subtropical gyre. The export route of this Eastern Pacific mode water is closely related to (and has some overlap with) the AAIW export pathway discussed in Iudicone et al. [2007] . Approximately 5 years into the experiment, roughy 20% of the initial Eastern Pacific mode water tracer has been advected through the ACC and is found in the Atlantic basin, which suggests that a fraction of mode water formed in the Eastern Pacific can make its way to the Atlantic mode water pool (i.e., initialization site ''d'' in Figure 3 ). The Atlantic mode water tracer stays largely confined to the ACC over the course of the experiment; it is largely ''trapped'' in the circumpolar flow and highlights a relatively inefficient pathway for getting mode waters out of the Southern Ocean.
One relatively simple metric of SAMW ''export efficiency'' consists of how much mode water tracer (i.e., tracer initialized in the mode water formation regions) remains in a chosen domain as a function of time. In our numerical experiments, more than 50% of each mode water tracer reaches the subtropical thermocline (defined as absorption by the sponge layer between 24.7 and 26.5 S) within 50 years. The Eastern Pacific pathway is an especially efficient mode water export route, with roughly 80% entering the subtropical thermocline within 50 years. The time required for 50% of the mode water tracers to leave the Southern Ocean domain varies significantly between mode water pools, from 9 years for the Indian mode water pool to roughly 38 years for the Central Pacific mode water pool. The removal timescales and distributions are summarized in Table 3 .
4.1. Future Changes in SAWM SAMW and AAIW are relatively sensitive indicators of anthropogenic climate change in coupled climate models [Banks et al., 2000 [Banks et al., , 2002 Banks and Bindoff, 2003; Stark et al., 2006] . Understanding the timescales and spatial patterns of thermocline ventilation via SAMW and AAIW will help us understand how surface ocean signals of climate change may ultimately propagate into the subtropical thermocline. For instance, repeat hydrography sections indicate that in the 2000s, Southern Hemisphere thermocline oxygen increased due to stronger wind forcing and ventilation [Talley et al., 2016] . Many coarse resolution models project a decrease in the subduction of SAMW and AAIW under climate change, due to increased surface warming and freshening [Downes et al., 2010] . Given that the subtropical portions of the export pathways are relatively well insulated from the surface, their response to anthropogenic forcing will lag far behind that of SAMW and AAIW subduction. If equatorward export rates and pathways remain relatively steady under climate change, then decreased SAMW/AAIW subduction suggested by Downes et al.
[2010] will result in a thinning of those water masses in subtropical latitudes and an associated decrease in nutrient export and anthropogenic carbon sequestration in the subtropical thermocline. More detailed studies with representations of the marine nutrient and carbon cycles are required to better understand how nutrient export and carbon sequestration may be impacted by anthropogenic forcing. Furthermore, the ''transition region dynamics'' between the ACC and the subtropical gyres that allow some fraction of mode waters to separate from the ACC and join the gyres remains poorly understood. A particular area of interest is how these mechanisms contrast with inter-gyre exchange processes in the Northern Hemisphere [Pedlosky, 1984; Schopp and Arhan, 1986; Chen and Dewar, 1993; Iudicone et al., 2007] . All tracer fractions are given as percentages of the initial amount of tracer in each experiment. The removal timescale is the time required for at least 50% of the initial tracer to be removed from the model domain. The column labeled ''remaining in basin'' refers to the basin in which the tracer was initialized, 10 years into the experiment. The sum of the last two columns gives the total amount removed by the sponge layer at the northern edge of the domain, 50 years into the experiment.
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Effects of Unresolved Eddies
Turbulent mixing along isopycnals likely influences SAMW advection and erosion [Musgrave, 1990; Trossman et al., 2012; Abernathey and Ferreira, 2015] . BASSOON is an eddy-permitting model; in the open ocean north of the ACC, where most of our tracer advection occurs, larger mesoscale features are fully resolved and do not suffer from artificial smoothing from over-parameterization [Hallberg, 2013] . However, because BAS-SOON does not use any subgrid scale parameterization schemes (except for vertical mixing by KPP), it neglects sub-mesoscale effects and the smallest mesoscale features. In shallow, near-coastal shelves and plateaus, where the baroclinic deformation radius is not resolved, eddy mixing may be biased toward weak values, which may impact export timescales and pathways. In our numerical experiments, this bias is particularly relevant for (i.) the portion of Indian Mode Water tracer that advects into the Atlantic basin via the Agulhas current, (ii.) the portion of Australian and Central Pacific tracers that advect over Campbell Plateau and generally around New Zealand, and (iii.) the portion of the Atlantic tracer that advects over the Patagonian Shelf. It would be instructive to perform SAWM tracer release experiments using modeling environments with various mesoscale and sub-mesoscale eddy parameterization schemes [e.g., Fox-Kemper et al., 2011; Jansen and Held, 2014] and observationally informed data products [e.g., Abernathey and Marshall, 2013; Waterhouse et al., 2014; Whalen et al., 2015] .
Comparison With Numerical Float Advection
In order to illustrate the robustness of the broad structure of the export pathways (i.e., to show that they are not tracer artifacts), we also advected floats (using the MITgcm ''flt'' package) using an offline 20 year velocity data set extracted with 5 day averages from an online run of BASSOON. We plot the cumulative trajectory histogram in Figure 13 . The float patterns are broadly similar to those followed by the tracers (Figure 4 ) and outlined by the mean flow ( Figure 5 ). The Indian basin floats mostly stay confined to the Indian basin, although some do reach the Agulhas Current and advect into the Atlantic basin. The Australian floats are heavily influenced by the ACC And spread across all three basins. The Central Pacific floats largely follow the gyre, while the Eastern Pacific floats quickly move up the coast of South America before spreading out westward via the subtropical gyre. The Atlantic floats largely stay in the ACC, ending up in all three basins.
Conclusions
Subantarctic Mode Water (SAMW) is an important mode water class for subtropical thermocline ventilation, which impacts anthropogenic carbon sequestration and the export of nutrients to lower latitudes. The export of mode water displays significant regional variability, heavily influenced by the regional structures of the mean geostrophic circulation. More than 50% of each mode water tracer reaches the subtropical thermocline within 50 years, but the Eastern Pacific pathway is especially efficient, with roughly 80% entering the subtropical thermocline within 50 years. The time required for 50% of the mode water tracers to leave the Southern Ocean domain varies significantly between mode water pools (see Table 3 for a summary). Export from the Indian and Central Pacific mode water pools is primarily driven by large-scale gyre circulation, whereas the Australian and Atlantic pools are heavily influenced by the Antarctic Circumpolar Current. Export from the Eastern Pacific mode water pool is driven by a combination of deep boundary currents and subtropical gyre circulation. Additional work focusing on anthropogenic carbon sequestration and nutrient export would be a welcome addition to this study.
